The enzyme, carnitine palmitoyltransferase (CPT) I, is a major regulator of mitochondrial fatty acid oxidation in vertebrates. Numerous genome duplication events throughout evolution have given rise to three or multiple genetically and functionally different isoforms of this enzyme in mammals and fish, respectively. In particular, these isoforms represent a diversification of kinetic and regulatory properties stemming from mutations at the genomic and proteomic levels. 45
Introduction
As a result of ancient whole genome duplication events vertebrates species have 65 multiple copies of certain genes. These duplicated genes are considered a major source of biological diversity (19) . After duplication, genes may have several fates including, 1) pseudogenization, in which extra copies become functionless or unexpressed, 2) subfunctionalization, where the duplicated copies each adopt part of the functions of the ancestral gene, or 3) neo-functionalization, in which duplicated gene evolves rapidly and develops a novel 70 function (32) . In mammals, for example, the enzyme carnitine palmitoyltransferase (CPT) I exists in multiple isoforms with specific tissue expression and distinct functional characteristics (13) . After the divergence of fish and mammals there were several lineage-specific genome duplication events in fish which gave rise to multiple isoforms of proteins for which mammals have few or even a single copy. Moreover, for many fish species, genes with neo-or sub-75 functionalization have not been fully sequenced or characterized (22) . It is possible that proteins coded for by these duplicated genes in fish may have different tissue expression patterns or physiological functions when compared to the corresponding genes in mammals. Thus, lineageand species-specific genome duplication events can lead to increased diversity in protein regulation and function. CPT I is an important regulator of mitochondrial fatty acid oxidation, 80 essential for the entry of long chain fatty acids into mitochondria (12) . In mammals, there are three CPT I isoforms expressed in a well defined tissue-specific pattern; hepatic CPT Iα, muscle CPT Iβ and CPT IC, a brain-specific isoform. As these proteins all share very similar functional domains, and similar physiological functions, it is likely that these isoforms arose from an ancient genome duplication early in vertebrate history. In mammals, they are encoded by three 85 separate genes and are strictly expressed in their distinct tissues, except for the heart which expresses both α and β isoforms but to different degrees depending on developmental stage (1).
The kinetics of mammalian muscle and liver CPT I isoforms have been extensively studied. CPT
Iβ is approximately 80 times more sensitive to its allosteric inhibitor, malonyl-CoA (M-CoA, IC 50 = 0.034μM vs 2.7μM), and has a much higher K m for its substrate, carnitine (K m = 500μM 90 vs. 30 μM), than CPT Iα (12) . However, it is not clear if these isoforms are either conserved across vertebrates or how many additional isoforms arose in non mammalian species, particularly in fish were multiple large duplication events could have created opportunities for the diversification of this family. By using phylogenetic analysis we can evaluate when these duplications may have taken place in vertebrate evolution and determine which fish-specific 95 isoforms may have a distinct functional role compared to their mammalian paralogs.
Multiple putative copies of the α and β isoforms appear in several species of fish whose genomes have now been fully sequenced. Although known to exist, there is relatively little information on their relative tissue expression, protein structure or kinetics. In fact, to date, only a single CPT I isoform has been fully sequenced from rainbow trout and its tissue distribution 100 and putative kinetics presented. This isoform has been proposed to be similar in kinetics to the mammalian CPT I liver isoform (4) . Although other CPT I gene sequences for rainbow trout can be found in databases, there has been little research on the tissue distribution, kinetics or relationship of these paralogues to other isoforms (8). Interestingly, we determined that activity varies across tissues in rainbow trout and that the IC 50 for M-CoA was higher in red muscle 105 (0.55μM) than in liver (0.079μM) (16), opposite to the situation in mammals (16). This suggests species-specific differences in CPT I kinetics that could likely be a result from diversity in protein structure in the substrate and modulator binding sites. It also highlights trout as a good model to examine isoform diversity arising from duplication events.
The difference in IC 50 between different isoforms in mammals has been attributed to 110 structural changes in the M-CoA binding site and its interaction with the transmembrane domains of the mature protein (7, 17, 26) . CPT I has two transmembrane domains with the terminal N-and C-termini protruding into the cytosol. When this interaction is interrupted, either through changes in mitochondrial membrane fluidity (31) or conformational changes due to key amino acid substitutions, the ability of M-CoA to bind and inhibit CPT I is modified. There has 115 been a great deal of research into the amino acid sequence of mammalian CPT I, and multiple amino acids have been identified as being influential to the binding on M-CoA (7, 17, 26) . In most cases, these experiments examined CPT Iα, with very little research on CPT Iβ.
Furthermore, these differences have yet to be compared to the sequences of other isoforms and between species. 120
The variety of CPT I isoforms in fish species represents a putative diversity of primary amino acid sequences. Moreover, changes in key amino acids may lead to diversity in the regulation of mitochondrial fatty acid oxidation. Neither this diversity nor its putative functional significance have been extensively studied. Consequently, in this study we present a comprehensive phylogenetic reconstruction of the CPT I family in vertebrates, specifically in 125 fish lineages using rainbow trout as our reference species. We assessed the primary protein structure for changes in amino acids in areas which may influence the changes in M-CoA sensitivity seen between tissues and species. We also examined the expression of all isoforms across tissues at different stages of development in trout. We show that repeated duplication events have led to at least five CPT I isoforms in rainbow trout. These isoforms exhibit sequence 130 and structural differences when compared to each other as well as to their mammalian counterparts. Furthermore, their tissue distribution during development and throughout adulthood may help to explain known differences in CPT I characteristics across tissues in rainbow trout. In addition, our phylogenetic reconstruction of known CPT I in vertebrates reveals lineage-specific isoform diversification. 135
Materials and Methods 140

Experimental Fish
Adult rainbow trout (Oncohynchus mykiss) were obtained from a local commercial trout hatchery (Humber Springs, Orangeville, ON), kept in 500 L tanks with circulating dechloriniated Trout were sampled at three different developmental stages; 1) 21 days after hatching while still using their yolk sac as their food source, 2) 14 days after total yolk sac absorption and feeding on external food, and 3) during adulthood (approx. 200g). For each time point trout were 155 sacrificed by a lethal blow to the head and their spinal cord severed; muscle (mixed muscle samples were used for fry and juvenile trout, but separate red and white muscle samples were used in adults), heart and liver were extracted and frozen immediately in liquid nitrogen. Due to their size we were able to sample Intestine, kidney and brain from adult trout for a more comprehensive tissue distribution. 160
RNA extraction and cDNA synthesis
Frozen tissues were powdered in a liquid nitrogen-chilled mortar and pestle. Total RNA was extracted from each tissue using TRIzol Reagent (Invitrogen, Carlsbad, CA) based on the acid guanidinium thiocyanate-phenol-chloroform extraction method. RNA was quantified by UV spectroscopy at 260nm and then diluted to 0.5µg/µl. cDNA was synthesized using 1 μg of DNase 165 (Invitrogen, Carlsbad, CA) treated mRNA with SuperScript RNase H -reverse transcriptase (Invitrogen, Carlsbad, CA) as described previously (16).
Polymerase chain reaction (PCR), cloning and sequencing
CPT I sequences from multiple fish and mammals species were aligned and specific PCR primers for CPT Iα1b isoform (below) were designed using Primer3 software (25) from 170 conserved regions.
CPT Iα1b. CPT Iα1b was sequenced repeatedly using three separate overlapping (~20b.p.) sections of the gene from multiple samples of cDNA. Each section was amplified using 0.2mM dNTP, 1.5mM MgCl 2 , 0.5 μM of each forward and reverse primer (Table 1; seconds, 72°C for 60 seconds. PCR products were purified using QiaQuick gel extraction kit (Qiagen, Mississauga, Ontario, Canada), cloned using the pGEM-T easy vector system (Promega, Nepean, Ontario, Canada) and sequenced at the Mobix Lab (McMaster University). 180
The 5' and 3' end of the sequence were obtained using a kit for rapid amplification of cDNA ends (RACE) (Roche, Mississauga, Ontario, Canada) using the protocol provided and gene specific primers (Table 1 ). The final PCR product was purified, cloned and sequenced as described above.
mRNA quantification by real time PCR 185
The expression of each CPT I isoform mRNA was quantified using real time PCR with SYBR green and ROX as a reference dye using a Stratagene Mx3000P (Stratagene, Texas, USA) real-time PCR system. Each 25 µl reaction contained 12.5 μL SYBR green mix, 1 μL each of forward and reverse primer (5μM), 5.5 μL of DNase/RNase free water and 5 μL of 5× diluted cDNA. Primers for CPT Iα1b were designed using Primer3 software (25) while other primers 190 were obtained from previously published work ( Table 2 ). The thermal program included 3 minutes at 95°C, 40 cycles of 95°C for 15 sec, 57°C for 30 sec and 72°C for 30 sec. A notemplate control and dissociation curve was performed to ensure only one PCR product was being amplified and stock solutions were not contaminated. Standard curves were constructed for each gene using serial dilutions of stock cDNA to account for any differences in amplification 195 efficiencies. All samples were normalized to the housekeeping gene, EF1-α whose mRNA expression did not change between tissues and treatments (p>0.05).
Sequence alignments and analysis
Phylogenetic Analysis. CPT I nucleotide and protein sequences were obtained from public databases (Ensembl and GenBank; Table 2 instances. Finally, we used the AIC as a prior in the Bayesian analysis (MrBayes, 5x10 6 generations and a sampling frequency of 100 and a burnin of 10000), and generated the nucleotide phylogenies of CPT Iα and β in vertebrates according to the 50% majority rule.
Stationarity and adequacy of settings of the phylogenetic analyses was confirmed in Tracer v1.5 (10) . 215
Protein structure analysis. The transmembrane domains of each isoform were determined using TMHMM v.2.0 (14), except for CPT Iα2 where the full length sequence was not available.
Statistical analysis
All statistical analyses were performed using SigmaStat v3.5 (Systat Software Inc., San Jose, CA). One-way ANOVA and Holm-Sidak post tests were used to test for significance 220 between tissues and treatments. Significance level was set at α=0.05.
Results
CPT I phylogeny
We used Bayesian analyses to infer the phylogenetic relationship of the CPT I isoforms 225 (both DNA and protein sequences) to investigate the evolution of CPT I in major vertebrate lineages (Fig. 1A-B) . Overall, both nucleotide and protein analysis show individual clustering of mammalian and fish isoforms and present similar relationships of CPT I evolution. There are three major CPT I isoforms in mammalian vertebrates, two of which are also present in nonmammalian vertebrates; CPT Iα and β. CPT IC is only found in mammalian brain and does not 230 appear in the Xenopus or any of the fish species (Fig. 1A) and therefore was excluded from the nucleotide analysis (Fig. 1B) .
Based on the tree topologies there appears to be several fish-specific gene duplications resulting in multiple expressed CPT I isoforms. We chose to name the isoforms based on these duplications, in that duplications of α become α1 and α2, and second duplications became α1a 235 and α1b etc. This nomenclature allows us to retain information regarding the putative ancestral gene as well as the number of duplications. There appears be have been at least two CPT Iα duplications; 1 resulting in CPT Iα1 and CPT Iα2, and a second round creating CPT Iα2a and b.
Both zebrafish and rainbow trout also exhibit two CPT Iα1 genes; a and b, while other fish species do not. Interestingly, while all other fish species investigated show two CPT Iα2 240 isoforms (a and b), we detected only one isoform in trout which clusters with CPT Iα2b (Fig.   1B ). CPT Iβ, on the other hand, has only a single isoform in mammals and most fish species, except for rainbow trout which exhibit two, β1a and β1b.
CPT I sequence and structure
Since numerous amino acids confer M-CoA sensitivity in mammals, we aligned all five 245 full length rainbow trout isoforms with rat CPT Iα and β to investigate any changes in protein sequence which may affect their ability to effectively bind M-CoA (Fig. 2) . There are many conserved regions between rat and trout throughout the protein, however, there are several major differences in both the N-and C-termini of the protein (boxes in Fig. 2) . In the N-terminus is also present in all of the trout isoforms, however, there are major amino acid substitutions throughout (Fig. 2) .
Aside from the primary protein structure, the regions adjacent to the transmembrane 255 domains of CPT I have been also implicated in M-CoA sensitivity. We used TMHMM analysis to determine the transmembrane domains of the five trout CPT I proteins and compared their location to that in rats (Fig. 3) . CPT Iα2 was not included in the analysis because the 5' amino acid sequence was not complete. However, the transmembrane domains of the two trout α isoforms began at the same amino acid position as rat CPT Iα. Conversely, the transmembrane 260 domains in the trout CPT Iβ1a and β1b were different from each other as well as from rat CPT Iβ. Both trout β1b and rat CPT Iβ had a shorter N-terminus than trout β1a.
CPT I tissue and developmental expression
We investigated via real time PCR the tissue specific expression of the five known CPT I isoforms in adult rainbow trout (Fig. 4) . While all five isoforms are present in all tissues 265 examined, there are significantly different patterns of mRNA expression between tissues. β1a and β1b and α1a mRNA expression levels were significantly higher in heart and red muscle and significantly lower in the liver (p<0.05). Furthermore there were no significant differences between liver, white muscle and kidney for these isoforms (p>0.05). α1b and α2 expression was significantly higher in kidney and intestine (p<0.05). Interestingly, the expression of α1b and α2 270 was the same in liver and red muscle.
We found that during the development of rainbow trout from fry to adults the mRNA expression changed for the five CPT I isoforms in the heart, red muscle and liver (Fig. 5) . During the cardiac development there appears to be a very significant switch in the gene expression of the CPT I isoforms. In the fry heart, CPTI β1a and α1b are expressed significantly higher than in 275 juvenile fish, while conversely, β1b and α1a have significantly lower levels of mRNA expression in the fry than in the juvenile (p<0.05; Fig. 5A ). However, during the progression from fry to juvenile fish there is an exact reversal of the expression of these four isoforms (p<0.05). This juvenile pattern of expression appears to remain unchanged in the adult trout (Fig. 5A ).
The expression pattern of the CPT I isoforms in red muscle during development is 280 distinct from heart and liver (Fig. 5B) . Both β1a and b as well as α1a show a transient nonsignificant decrease in expression from fry to juvenile followed by a significant increase in expression from juvenile to the adult stage (p<0.05), although this increase is not significantly higher than the original expression level in the fry. Furthermore, there are no significant changes in the expression of α1b, while the expression of α2 significantly decreases during adulthood. 285
Comparatively, there were few changes in mRNA expression in the liver during development (Fig. 5C) . Indeed, the mRNA levels of most isoforms (β1b, α1b and α2) remained unchanged throughout the different developmental stages examined. Although, adult trout exhibited a marked increase in the expression of β1a expression levels and a significant reduction in α1a mRNA compared to fry and juvenile animals (p<0.05). 290
Discussion
Gene duplication is a major foundation for biological diversity and can result in the neofunctionalization or sub-functionalization of one or both duplicate genes, creating temporal or spatial differences in the resulting paralogues (32) . This is the first study to present the evolution and duplication of the CPT I gene family in the context of the possible functional divergence of 295 these proteins. Duplication events have created multiple genetically and functionally divergent CPT I isoforms in all vertebrates. Moreover, we present five apparent CPT I isoforms in rainbow trout with distinct tissue and developmental expression patterns. We reveal discrete amino acid substitutions and potential structural differences between the isoforms which may be driving the species-and tissue-specific functional differences in CPT I (13, 16). Thus, genome duplication 300 events have diversified the CPTI gene family, especially in fish.
Evolution of the CPT I family
Our amino acid and nucleotide phylogenetic reconstruction of the vertebrate CPT I isoforms suggests that there was a duplication of an ancestral CPT I gene which gave rise to the α and β paralogues in both mammals and fish (Fig. 1) . A second duplication event may have 305 occurred after the divergence of the teleost fish lineage and resulted in the α1 and α2 isoforms.
The likelihood of this duplication event is tentative, however, given the relatively low probability at that node (0.87). Alternatively, there may have been a psuedogenization of the second alpha gene in mammals. However, previous attempts to identify CPT I α or β pseudogenes in mammals have been unsuccessful (2, 30) . Beyond these first two duplications, the number of isoforms 310 present becomes very lineage-specific and likely arose through independent duplication events (24). Firstly, a duplication of the α1 gene resulted in α1a and α1b in both zebrafish and rainbow trout, but not in the other fish species investigated and likely occurred after the divergence from these other species. Conversely, the duplication may have occurred in early in the teleost lineage, but α1b was lost in the more modern fish species (Fig. 1) . Secondly, a duplication of α2 resulted 315 in α2a and α2b in all fish species examined except for rainbow trout. In this instance, α2a may not have been retained in rainbow trout. However, because both isoforms are present in zebrafish and the other more recently evolved fishes the more probable cause for a lack α2a in trout is that it has not been identified yet despite our extensive efforts. Thirdly, there appears to have been a salmonid specific duplication of β1 giving rise to β1a and β1b only in rainbow trout. 320
Alternatively, these two isoforms may be splice variants, as they show 92% and 94% similarity at the nucleotide and protein level, respectively. However, this is unlikely as there are differences in amino acids throughout the length of the protein, and not localized in any specific region.
CPT I sequence and structure
It has been proposed that after gene duplication, each paralog retains the same 325 activity level as the ancestral gene but becomes more specifically regulated at the mRNA level (6) . Alternatively, it has been suggested that highly constrained amino acids may diverge after duplication leading to protein with new function (22) . Given the divergence in CPT I isoform function between tissues and species, we wanted to investigated the roles of particular amino acids involved in CPT I M-CoA sensitivity. Amino acids which have an important role in M-330
CoA sensitivity have been determined in mammals by mutagenesis experiments (complied in Table 4 ). Using these data we probed the sequences of the rainbow trout CPT I isoforms and compared regions important in M-CoA inhibition to those of a representative mammal (rat; Fig.   2 ). The majority of amino acids were conserved between the CPT I isoforms in trout and rat.
However, a few key substitutions are present and extend throughout the other species included in 335 the phylogenetic analysis (data not shown). The first important substitution occurred at the location corresponding to amino acid 19 of the rat CPT Iβ protein. This site in all other isoforms from trout and rat contains an isoleucine, whereas in rat CPT Iβ a valine is present. Interestingly, mutagenesis experiments show a decrease in M-CoA sensitivity when valine is replaced by alanine in this position (33). This substitution may partially explain why mammalian CPT Iβ is 340 approximately 80 times more sensitive than CPT Iα, and 3 and 18 times more sensitive than trout liver and muscle CPT I, respectively (13, 16).
Secondly, specific characteristics of residues 19-30 impart a low M-CoA sensitivity in mammalian CPT Iα distinct from the more sensitive CPT Iβ (7, 18) . Trout CPT Iβ1b is missing four amino acids within this region, which may increase its sensitivity to M-CoA (Fig. 2) . 345
Potentially an increased sensitivity of trout muscle CPT I compared to rat liver may have to do with the significant expression of the CPT Iβ1a and b isoforms. The interaction between N-and C-termini adjacent to the transmembrane domains (TMDs) have been implicated in M-CoA sensitivity (3, 7) . Therefore, we analysed the location and length of the TMDs (Fig. 3) . The amino terminus of both rat β and trout β1b is 10 and 20 355 amino acids shorter than trout CPT Iβ1a, respectively. Furthermore, there are approximately 10 additional amino acids between the first and second TMD in CPT Iα compared to CPT Iβ. These changes may have an impact on the interaction of the two TMDs thereby affecting the sensitivity to M-CoA. Taken together, there are numerous amino acids substitutions and structural changes between the isoforms in trout, as well in comparison to mammals. These differences are likely to 360 be the root of the functional divergence of CPT I between tissues and taxa.
CPT I expression
In addition to potential structural modifications at the protein level of CPT I, the transcriptional regulation of the duplicated genes may also be altered. In fact, it has been suggested that at the tissue level it is the transcriptional regulation of duplicated genes which 365 plays a greater role in determining the overall functional role of the gene rather than any changes in protein kinetics. There is evidence in fact, that in fish, the transcriptional expression pattern and transcriptional regulation of duplicated genes may play a larger role than protein activity in the overall function of a gene at the whole tissue level (6, 22, 23) .
In evaluating the mRNA expression of the five CPT I isoforms we found that all were 370 expressed in the tissues tested, but at varying levels (Fig. 4) . In general, the β isoforms and α1a
were predominantly expressed in highly oxidative muscle tissues (red, heart) α1b and α2 may play a larger role in the liver as their expression was similar to muscle whereas the beta isoforms and α1a were expressed much lower in the liver. Previous research concluded that CPT Iα2 (previously called CPT Id; see reference 8) was only present in liver and was not detectable in 375 skeletal muscle (8). However, detectable levels in all tissues, albeit low were observed in muscle and liver tissue (Fig. 4) . Conversely, this isoform is expressed significantly higher in kidney and intestine, potentially with a tissue-specific role. This global expression pattern is somewhat surprising given the tissue-specificity of CPTI in mammals. However, even in mammals some tissues do express both isoforms but in varying amounts (1). 380
Transcriptional differences aside, protein expression and functional differences between isoforms may not directly relate to mRNA expression patterns. For instance, the total rate of fatty acid entry into, and oxidation by, the mitochondria dependents on several factors including the expressed protein isoforms, the IC 50 for M-CoA and K m for carnitine for each isoform plus substrate and cofactor levels. Additionally, future research into the promoter region will help to 385 determine the diversity of the transcriptional regulation of CPT I. Indeed, adding to the complexity of metabolic regulation in fish are the multiple potential isoforms of the transcription factors involved in modulating expression of genes in the fatty acid oxidation pathways (e.g (9)).
In particular, peroxisome proliferator-activated receptor α (PPARα) is a known transcriptional regulator of CPT I in mammals (21), however, in fish, this relationship is much less clear since 390 correlations in expression of transcription factors and target genes have not always been observed (15, 16) . This suggests that tissue-specific differences in regulation and rate of fatty acid oxidation is far more complex in fish than in mammals.
To investigate the developmental plasticity in isoform expression we observed the expression of CPT I at different life stages of rainbow trout in the heart, muscle and liver. In 395 rodents, during the neo-natal and newborn stages the heart expresses primarily CPT Iα.
However, there is a progressive switch to expressing primarily CPT Iβ once the animal is weaned from its mother and begins to feed on its own (1). Similarly, rainbow trout express significantly more β1a and α1b during the fry stage in which they are dependent on nutrients in the yolk sac, and significantly more β1b and α1a during juvenile and adult stages which are free feeding (Fig.  400   5A ). In mammals, the change in isoform expression is thought to occur as a result of changes in carnitine and M-CoA concentrations. The expression of CPT Iα in rodent neonates may well be necessary since the concentration of M-CoA is above the IC 50 for CPT Iβ (1). Moreover, in rabbits and most likely other mammals, there is a dramatic reduction in M-CoA in the heart with age which would allow for the expression of the more sensitive CPT Iβ (11). Whether this shift 405 in isoform expression produces the same shift in fuel use in trout hearts as seen in mammals in not clear. However, development as well as other cardiovascular changes that induced metabolic shifts (i.e. hypertrophy) should be examined in context of multiple CPT I isoform expression.
In contrast to the heart, red muscle shows a transient decrease in both β isoforms and α1a during the juvenile stage, while the expression resembles that of the fry in the adult stage 410 (Fig.5B) . Furthermore, there was a significant reduction in expression of α2 during both juvenile and adult life stages, indicating that it may have a more important role during development but not in free feeding juvenile and adult trout. Comparatively, we see very few changes in CPT I isoform expression in the liver with age (Fig. 5C ). The only major changes during development are a significant increase in β1a and a significant decrease in α1a during the transition from 415 juvenile to adult. These changes in mRNA expression from fry to adult would most certainly be impacted by the change in diet from endogenous to exogenous resources (15, 21) and potentially corresponding changes in hormonal status or the change in rearing environment as the fry were moved to a higher volume tank in a new location during their free swimming/feeding juvenile life stage. Furthermore, they may also be reflective of the metabolic state of muscle as in the 420 mammalian heart.
Perspectives and Significance
The evolution of CPT I has resulted in a diverse family of isoforms with significant structural differences which may influence the functional differences observed between tissues.
Although some isoforms appear to be conserved across taxa, genome duplication events have 425 resulted in linage-specific diversification of these genes important to fatty acid oxidation.
Moreover, these differences represent a degree of specificity in the ability of species to regulate fatty acid entry into, and oxidation by, mitochondria. This fine-tuned control of lipid oxidation may help better preserve tissue metabolism during physiological and environmental perturbations. Future studies should determine the functional characteristics of individual 430 isoforms to discern their kinetics andresponse to inhibition. 
